Saccharomyces cerevisiae telomerase subunit Est3p binds DNA and RNA and stimulates unwinding of RNA/DNA heteroduplexes  by Sharanov, Yu.S. et al.
FEBS Letters 580 (2006) 4683–4690Saccharomyces cerevisiae telomerase subunit Est3p binds DNA and
RNA and stimulates unwinding of RNA/DNA heteroduplexes
Yu.S. Sharanov1, M.I. Zvereva1, O.A. Dontsova*
Division of Chemistry of Natural Compounds, Department of Chemistry, M.V. Lomonosov Moscow State University, Vorobievi Gori,
1, Building 40, 119992 Moscow, Russia
Received 3 May 2006; revised 29 May 2006; accepted 17 July 2006
Available online 24 July 2006
Edited by Ivan SadowskiAbstract Telomerase is a key participant of telomere length
maintenance system in majority of eukaryotes. It synthesizes
telomere repeats at 3 0-end of telomere DNA according to its
own RNA template. In addition to the reverse transcriptase sub-
unit Est2p and telomerase RNA TLC1, yeast telomerase contain
Est1p, necessary for telomerase attachment to telomere and tel-
omerase activation, and Est3p, a subunit with unknown function.
We have isolated Est3p and examined its biochemical properties.
Est3p binds both DNA and RNA oligonucleotides containing
telomere repeat sequences and stimulates dissociation of RNA/
DNA heteroduplexes. The importance of these properties of
Est3p for telomerase function is discussed.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
Keywords: Telomerase; Yeast; Protein subunit of telomerase
complex; Est3p; Unwinding1. Introduction
Telomerase is a ribonucleoprotein complex that elongates 3 0-
overhangs at the ends of telomeres. Yeast telomerase contains
RNA [1] and at least three protein subunits crucial for telo-
mere length maintenance, namely – Est1p, Est2p and Est3p
[2]. Est2p is a catalytic reverse transcriptase subunit that, in
the complex with TLC1, can elongate a speciﬁc DNA primer
in vitro [3,4]. Est1p and Est3p have been proposed to play
essential regulatory roles in vivo [5]. Est1p is responsible for
the attachment of telomerase to telomere [6–9] and may acti-
vate telomerase during the late S phase [10]. Est3p is proven
to be a component of telomerase complex since coimmunopre-
cipitation of Est3p with the telomerase RNA is dependent on
Est2p [11]. In Saccharomyces cerevisiae Est3p is present in two
forms, short and long [12]. The long form appears as a result of
a programmed frameshift [12], and is the only form necessary
for telomere length maintenance in vivo [12]. Overexpression of
Est3p can suppress a mutation in N-terminal region of Est2p,
indicating possible interaction between these proteins within
the telomerase complex [13]. Recently, it was shown that Est3p
may function as a dimer [14]. Est3p homologues were found in*Corresponding author. Fax: +7 495 9293181.
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doi:10.1016/j.febslet.2006.07.048several yeast types, but not in other organisms. In this work,
we reveal novel properties of Est3p and describe their implica-
tions for telomerase function.2. Materials and Methods
2.1. Cloning of Est3p
The synthetic oligonucleotides E3Fwd: 5 0-AAAGAATTCCTAG-
CAGTAATTCTGGAGTCTC-3 0 and E3Rev: 5 0-TCGACCCGGGT-
CATAAATATTTATATAC-3 0 ﬂanked with EcoRI and SmaI sites
were used as primers in the polymerase chain reaction (PCR) to amplify
a fragment containing the Saccharomyces cerevisiae gene EST3 coding
for yeast full-length Est3p encompassing the programmed translational
frameshifting site. One microgram of total yeast genome DNA was iso-
lated as described previously [15] was added to the PCR mixture con-
taining MgCl2 (5 mM), 10· PCR buﬀer, dNTP mixture (1 mM), Pwo
DNA polymerase and oligo primers (19.3 lM) mentioned above. A
30-cycle programm with each cycle comprising 94 C (1 min), 52 C
(1 min), and 72 C (1 min) was carried out in thermocycler Eppendorf
Mastercycler. Obtained PCR product was puriﬁed by agarose gel elec-
trophoresis, cloned into the pUC18 cloning vector (Invitrogen) and se-
quenced. The obtained plasmid was named pE3.
Two polymerase chain reactions were performed to correct the site
of programmed translation frameshifting and amplify the DNA frag-
ment coding full-length Est3p protein. The plasmid pE3 was subjected
to PCR with E3Fwd and E3D277: 5 0-GGGAAAACTCAACTAGT-
ATTTGGTGTGAG-3 0 primers used to delete the nucleotide at posi-
tion 277 in genomic EST3 gene. After recovering from agarose gel
the product was used as a primer together with E3Rev in the next
PCR, resulted in obtaining the DNA fragment coding for full-length
Est3p. All PCR reactions were performed the same, as described
above. The ampliﬁed DNA fragment was puriﬁed in agarose gel, trea-
ted with EcoRI and SmaI, cloned into the pGEX-4T-1 expression vec-
tor (Amersham Pharmacia Biotech) and sequenced. The obtained
plasmid was named pGEX_EST3.
Est3p mutants E104A and 104RE were obtained using Quik-
Change site-directed mutagenesis kit from Stratagene. The following
forward and reverse primers were used for mutagenesis – for E104A
E3MFwd: 5 0-CTAATTTTGCAAGGACTCATAATTGCAGG-3 0
and E3Mrev: 5 0-CCTGCAATTATGAGTCCTTGCAAAATTAG-3 0;
for 104RE: 5 0-CTAATTTTAGGGAAACTCATAATTGCAGG-3 0
and E3ORev, 5 0-CCTGCAATTATGAGTTTCCCTAAAATTAG-3 0.2.2. Protein expression and puriﬁcation
Glutathione S-transferase (GST)-tagged Est3p or its mutants were
expressed in E. coli M15[pREP4] strain. The cells were grown in LB
Medium with constant shaking at 37 C to 0.5 OD600 and then culti-
vated at 19 C in the presence of 0.5 mM isopropyl-b-D-thiogalactopy-
ranoside (IPTG) for 12–16 h. The cells were collected and resuspended
in 1· PBS buﬀer (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
1.8 mM KH2PO4, pH 7.3) with 40 mM NH4Cl and 10 mM MgCl2.
Cells were lysed using soniﬁcation, cellular debris was removed by cen-
trifugation at 15,000 · g for 30 min at 4 C. An aliquot of Glutathione
Sepharose 4 Fast Flow was used for aﬃnity protein puriﬁcation in
the batch puriﬁcation protocol as described (Amersham Pharmaciablished by Elsevier B.V. All rights reserved.
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sin was incubated in 50 mM Tris–HCl (pH 7.9), 10 mM MgSO4 and
2 mM ATP at 37 C for 15 min and washed 3 times with PBS,
40 mM NH4Cl, 10 mM MgCl2, 0.1 mM GTP and then 3 times with
PBS, 1 M NaCl, 0.1 mM GTP at 4 C. The Est3p with GST-tag was
eluted with 50 mM Tris–HCl (pH 7.9), 10 mM reduced glutathione,
0.1 mM GTP. The eluted sample was dialyzed against PBS. After dial-
ysis GST-tag was removed from Est3p protein with Thrombin Prote-
ase cleavage as described (Amersham Pharmacia Biotech). GST
protein itself was expressed and puriﬁed in the same way and used
as a control in all experiments. All isolated proteins were analyzed
by SDS–PAGE.
2.3. Electrophoretic mobility-shift assays (EMSA)
Binding assays were performed in a ﬁnal volume of 10 ll containing
50 mM HEPES/KOH (pH 7.6), 10 mM Mg(CH3COO)2, 150 mM
NH4Cl, 1 mM DTE, 0.05 pmol of end-labelled (c-
32P) oligonucleotide
(see Table 1), diﬀerent amounts of Est3p, its mutants or GST
(0.05 pmol, 0.25 pmol, 0.5 pmol, 2.5 pmol or 5 pmol) and 10 mM of
GTP, GDP, ATP or ADP if necessary. Reaction mixtures were incu-
bated for 10 min at 30 C. Protein–DNA complexes were separated
from free oligonucleotide on a non-denaturing 8% polyacrylamide
gel containing 5 mM magnesium sulfate in 0.5· TBE, electrophoresis
was conducted at +4 C. The gels were dried and radioactivity was
detected by PhosphorImager and analyzed by the Image Quant 5.0
software.
2.4. Unwinding activity assays
Oligonucleotides (D1, D2, D2L, Dn, R1, R2, Rn) used for duplex
formation are shown in Table 1. The duplexes were formed in 0.1 M
NaCl. One of oligonucleotides was always 32P-labeled.
In unwinding activity assay, 10 ll of the reaction mixtures contain-
ing 10 pmol of protein (Est3p, mutants or GST), 1 pmol of the pre-
formed duplex, 50 mM HEPES/KOH (pH 7.6), 10 mM
Mg(CH3COO)2, 150 mM NH4Cl, 1 mM DTE and 10 mM of GTP,
GDP, GMPPNP, ATP or ADP if necessary were incubated forTable 1
List of oligonucleotides used in binding and unwinding activity assays
Name Sequence
D1 50-ACCACACCCACAC-3 0
D2 50-GTGTGGGTGTGGT-3 0
D2L 50-GTGTGTGGGTGTGGTG-3 0
Dn 50-GTTCTCAAAGTCT-3 0
R1 50-ACCACACCCACAC-3 0
R2 50-GUGUGUGGGUGUGGUG-3 0
Rn 50-AGACUUUGAGAAC-3 0
Fig. 2. Electrophoretic analysis of Est3p binding to oligonucleotides. Panel
(control lanes) – binding of D1 to GST without cofactor, in the presence of G
without cofactor, with GTP or with GDP, correspondingly. Lanes 7, 9, 11 (co
GTP or GDP, correspondingly. Lanes 8, 10, 12 – binding of D2 to Est3p with
(control lanes) – binding of Dn to GST without cofactor, in the presence of G
without cofactor, with GTP or with GDP, correspondingly. Panel B: analysis
– binding of R1 to GST without cofactor, in the presence of GTP or GDP, co
with GTP or with GDP, correspondingly. Lanes 7, 9, 11 (control lanes) – bin
correspondingly. Lanes 8, 10, 12 – binding of R2 to Est3p without cofactor, w
– binding of Rn to GST without cofactor, in the presence of GTP or GDP
cofactor, with GTP or with GDP, correspondingly. Panel C: analysis of Est3
lanes) – binding of D2 to GST without cofactor, in the presence of ATP or A
cofactor, with ATP or with ADP, correspondingly. Panel D: Analysis of Est3
lanes) – binding of R2 to GST without cofactor, in the presence of ATP or A
cofactor, with ATP or with ADP, correspondingly. Panel E: analysis of Est3p
of D2 to Est3p in the presence of GTP at 1:1, 1:10, 1:20, 1:50, 1:100 molar ex
Est3p in the presence of GTP at 1:1, 1:10, 1:20, 1:50, 1:100 molar excess of
properties of D2 and R2 to Est3p. Lane 1 – binding of D2 to Est3p in the pr
excess of R2 over D2 on the stability of D2-Est3p complex with D2 32P-labele
inﬂuence of the presence of twofold molar excess of D2 over R2 on the stabil
of oligonucleotides and complexes with Est3p are marked by arrows.10 min at 30 C. One microliter of 96% glycerol was added and the
resulting mixture was directly applied to a non-denaturing 8% poly-
acrylamide gel.
For kinetic experiments the reactions were stopped after 5, 10,
15 min by addition two volumes of quench buﬀer (25 mM EDTA,
0.4% SDS, 10% glycerol) [16] and analyzed as described above.3. Results
3.1. Est3p preparation
EST3 gene was obtained by PCR ampliﬁcation from yeast
Saccharomyces cerevisiae genome, cloned in pUC18 vector.
The frameshift site was corrected by two-step PCR and result-
ing gene of the long form of Est3p was fused with GST-tag in
pGEX-4T-1 plasmid. The plasmid pGEX_EST3 expressing
protein with GST-aﬃnity tag at the N-terminus separated
from Est3p by thrombin protease site was constructed. ThisFig. 1. Isolation of Est3p. Gel electrophoresis of the proteins from
E. coli transformed with plasmid pGEX_EST3 without IPTG stimu-
lation (lane 1), after IPTG stimulation of GST–Est3p expression (lane
2), after aﬃnity puriﬁcation of the fusion GST–Est3p (lane 3) and after
thrombin cleavage of the fusion protein (lane 4). Markers of molecular
masses are shown in lane 5 and marked at the corresponding band in
the gel. Positions of GST–Est3p, Est3p and GST are marked by
arrows.
A: analysis of Est3p binding to DNA oligonucleotides. Lanes 1, 3, 5
TP or GDP, correspondingly. Lanes 2, 4, 6 – binding of D1 to Est3p
ntrol lanes) – binding of D2 to GST without cofactor, in the presence of
out cofactor, with GTP or with GDP, correspondingly. Lanes 13, 15, 17
TP or GDP, correspondingly. Lanes 14, 16, 18 – binding of Dn to Est3p
of Est3p binding to RNA oligonucleotides. Lanes 1, 3, 5 (control lanes)
rrespondingly. Lanes 2, 4, 6 – binding of R1 to Est3p without cofactor,
ding of R2 to GST without cofactor, in the presence of GTP or GDP,
ith GTP or with GDP, correspondingly. Lanes 13, 15, 17 (control lanes)
, correspondingly. Lanes 14, 16, 18 – binding of Rn to Est3p without
p binding to D2 in the presence of ATP or ADP. Lanes 1, 3, 5 (control
DP, correspondingly. Lanes 2, 4, 6 – binding of D2 to Est3p without
p binding to R2 in the presence of ATP or ADP. Lanes 1, 3, 5 (control
DP, correspondingly. Lanes 2, 4, 6 – binding of R2 to Est3p without
binding to D2 and R2 at diﬀerent concentrations. Lanes 1-5 – binding
cess of Est3p over D2, correspondingly. Lanes 6–10 – binding of R2 to
Est3p over R2, correspondingly. Panel F: comparison of the binding
esence of GTP. Lane 2 – the inﬂuence of the presence of twofold molar
d. Lane 3-binding of R2 to Est3p in the presence of GTP. Lane 4 – the
ity of R2-Est3p complex with R2 32P-labeled. In all cases, the positions
c
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IPTG stimulation (Fig. 1, lane 2) and puriﬁed with the help
of aﬃnity batch puriﬁcation (Fig. 1, lane 3). To avoid possiblechaperone contaminants additional puriﬁcation steps were
incorporated. The GST–Est3p fusion bound to the resin
was incubated at 37 C in the presence of ATP and Mg2+ to
4686 Yu.S. Sharanov et al. / FEBS Letters 580 (2006) 4683–4690dissociate any chaperones [17] and then washed with a high
salt buﬀer. We found that the presence of either ATP or
GTP increased the yield of the soluble protein probably by
binding to the protein and stabilization of its structure. The
protein was removed from the resin, cleaved by thrombin
(Fig. 1, lane 4) and used for further biochemical tests. GSTprotein was isolated under the same conditions and used as a
control in all experiments.
3.2. Binding of Est3p to DNA and RNA oligonucleotides
When telomerase elongates the telomere, the protein compo-
nents of telomerase ribonucleoprotein complex can interact
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hang, RNA/DNA heteroduplex that appears as a result of
DNA elongation on the telomerase RNA template, double-
stranded telomere DNA and double-stranded RNA (a part
of TLC1). We hypothesized that Est3p participates in some
of these interactions. To investigate this we monitored the
binding of model nucleic acids to Est3p. To test whether Est3p
can bind DNA or RNA, an excess of Est3p was added to DNA
(D) or RNA (R) oligonucleotides which mimic the nucleic
acids participating in telomerase reaction: D1, with a C-strand
telomere repeat sequence; D2, with G-strand telomere repeat
sequence; Dn, with non-telomeric sequence; R1, with the se-
quence of TLC1 template; R2, complementary to TLC1 tem-
plate oligoribonucleotide and Rn, with a non-telomeric
sequence (Table 1). Gel-shift assay was used to detect oligonu-
cleotide-protein complex formation. Since the presence of GTP
and ATP stabilized the protein we decided to investigate the
inﬂuence of GTP, GDP, ATP and ADP on oligonucleotide
binding, the tests were performed in their presence and absence
(Fig. 2).
Est3p can bind D2 (Fig. 2A, lane 8). In the presence of GTP
the binding to D2 was slightly increased (Fig. 2A, lane 10),
whereas the presence of GDP strongly decreased the binding
(Fig. 2A, lane 12). In contrast, Est3p bound other DNA oligo-
nucleotides at a very low level (Fig. 2A, lanes 2, for D1, lane 14
for Dn), and the presence of GTP or GDP eliminated binding
to D1 or Dn almost completely (Fig. 2A, lanes 4, 6 for D1,
lanes 16, 18 for Dn). No binding of DNA oligonucleotides
to GST was detected (Fig. 2A, lanes 1, 7, 13).
Similar eﬀects were observed for RNA oligonucleotides.
Est3p could bind R2 (Fig. 2, panel B, lane 8). The presence
of GTP stimulated binding (Fig. 2B, lane 10), whereas the
presence of GDP decreased binding, but not as dramatically
as in the case of D2 (Fig. 2B, lane 12). Est3p was able to bind
other RNA oligonucleotides but with low eﬃciency (Fig. 2 B,
lane 2, 4, 6 for R1, lane 14, 16, 18 for Rn). ATP or ADP inﬂu-
enced the binding of Est3p to DNA and RNA (Fig. 2, panel C
and D, respectively) in the same manner, however the stimula-
tion of the binding by ATP was lower than that seen with
GTP. Neither UTP nor CTP inﬂuenced the binding properties
of Est3p (data not shown).
To compare the binding eﬃciency of Est3p to D2 and R2 in
the presence of GTP, we analyzed complex formation with
increasing concentrations of a protein over oligonucleotide
(Fig. 2E, lanes 1–5 for D2, lanes 6–10 for R2). The signal
for D2-Est3p complex formation appeared at 50-fold excess
of the protein over D2 (Fig. 2E, lane 3), whereas a similar sig-
nal for R2-Est3p complex formation appeared already at 10-Fig. 3. Electrophoretic analysis of duplex unwinding activity of Est3p. P
oligodeoxyribonucleotide 32P-labelled. Lane 1 – D1 oligodeoxyribonucleotid
duplex in the presence of Est3p without cofactor, with GTP, GDP, ATP or A
R1/R2 with R1 oligoribonucleotide 32P-labelled. Lane 1 – R1 oligoribonucleo
duplex in the presence of Est3p without cofactor, with GTP, GDP, ATP
unwinding by Est3p in the presence of ATP. Lane 1 – D1 oligodeoxyribonucl
and 15 min of incubation correspondingly. Panel D: kinetic of D2/R1 d
oligodeoxyribonucleotide. Lanes 2–5 – D2/R1 duplex in the presence of Est
Panel E: analysis of the stability of D1/R2 heteroduplex with D1 oligodeoxyri
2 – D1/R2 heteroduplex in the presence of GST. Lanes 3–6 – D1/R2 hetero
GMPPNP, correspondingly. Panel F: analysis of the stability of Dn/Rn hete
oligodeoxyribonucleotide. Lane 2 – Dn/Rn heteroduplex in the presence of G
without GTP the cofactor, correspondingly. In all cases, labeled oligonucle
marked by arrows.
bfold excess (Fig. 2E, lane 7). These data indicate that Est3p
binds RNA more eﬃciently than DNA bearing the same se-
quence. Twofold excess of R2 could displace D2 from the
Est3p-D2 complex (Fig. 2F, lanes 1, 2), however the same ex-
cess of D2 could not displace R2 from Est3p-R2 complex
(Fig. 2F, lanes 3, 4). At least three diﬀerent conformations of
R2 were revealed by gel electrophoresis (Fig. 2E, lanes 6–8).
In the presence of excess of Est3p over RNA only one major
conformation could be detected (Fig. 2E, lanes 9, 10).
3.3. Unwinding activity of Est3p
To test the inﬂuence of Est3p on the stability of double-
stranded nucleic acids, various model duplexes were formed:
DNA duplex D1/D2 with blunt end, D1/D2L – similar to
D1/D2 but with three-nucleotide overhang; RNA duplex R1/
R2 and three heteroduplexes: D1/R2, R1/D2 and Dn/Rn (het-
eroduplex with non-telomeric sequence). In all cases one of the
oligonucleotides was [32P]-labeled at the 5 0-end. Est3p was
added to preformed duplexes together with diﬀerent cofactors:
GTP, GDP, GMPPNP, ATP or ADP. The reaction products
were analyzed using the native gel. The results are shown in
Fig. 3.
Est3p with or without cofactor had no inﬂuence on DNA/
DNA duplex stability, either with blunt-end or overhangs
(Fig. 3A), nor on the dissociation of RNA/RNA duplexes
(Fig. 3B). In fact, Est3p stimulated the formation of RNA/
RNA duplexes (Fig. 3B, compare lanes 2 and 3). In the pres-
ence of GTP or ATP, Est3p aﬀected both RNA/DNA hetero-
duplexes, causing the appearance of the labeled single-stranded
DNA oligonucleotide in a native PAGE (Fig. 3C, D, E). The
amount of ssDNA increased after prolonged incubation
(Fig. 3C, D). GTP stimulated stronger heteroduplex unwind-
ing than ATP (compare Fig. 3E, lane 4 with Fig. 3C, lane 4).
The presence of either GDP or GMPPNP (non-hydrolysable
GTP analogue) lowered the level of heteroduplex dissociation,
when compared with GTP (Fig. 3E, compare lanes 5, 6 with
lane 4). In the presence of GTP (or ATP) Est3p could also un-
wind the Rn/Dn heteroduplex with a non-telomere sequence
(Fig. 3F). GST alone had no inﬂuence on any duplex described
(Fig. 3, control lanes). Neither UTP nor CTP as a cofactor had
any eﬀect on duplex stability (data not shown).
3.4. Est3p mutants
Charged amino acids are known to be essential for protein–
nucleic acids interactions [18]. A comparison of three available
GenBank sequences of Est3p revealed that Glu104 is con-
served in these variants. Glu104 is found in the C-terminus
part of Est3p that is therefore speciﬁc for the long form ofanel A: analysis of the stability of DNA duplex D1/D2 with D1
e. Lane 2 – D1/D2 duplex in the presence of GST. Lanes 3–7 – D1/D2
DP, correspondingly. Panel B: analysis of the stability of RNA duplex
tide. Lane 2 – R1/R2 duplex in the presence of GST. Lanes 3–7 – R1/R2
or ADP, correspondingly. Panel C: kinetic of D1/R2 heteroduplex
eotide. Lanes 2–5 – D1/R2 duplex in the presence of Est3p after 0, 5, 10
uplex unwinding by Est3p at the presence of ATP. Lane 1 – D2
3p and ATP after 0, 5, 10 and 15 min of incubation, correspondingly.
bonucleotide 32P-labelled. Lane 1 – D1 oligodeoxyribonucleotide. Lane
duplex in the presence of Est3p without cofactor, with GTP, GDP or
roduplex with Dn oligodeoxyribonucleotide 32P-labelled. Lane 1 – Dn
ST. Lanes 3, 4 – Dn/Rn heteroduplex in the presence of Est3p with or
otide is marked by *, positions of oligonucleotides and duplexes are
Fig. 4. Alignment of Est3p sequences. The aminoacids selected for mutagenesis are underlined.
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tant (E104A). Since positively charged amino acids were found
to be essential for binding to DNA or RNA, the other candi-
date for mutagenesis was Arg105, neighboring Glu104. Posi-
tively charged amino acid in this position was found in all
available Est3p sequences. In the second mutant, we inverted
Glu and Arg residues in the protein sequence (104RE), aiming
to aﬀect the binding properties on one hand, but leave the
same overall net charge on the other. The mutant proteins
were isolated as described previously for the wildtype Est3p.
In the case of the E104A mutant we were not able to remove
chaperones completely, even after several additional puriﬁca-
tion steps (Fig. 5A, lane 5). We have found that the ability
of both mutants to bind D2 (Fig. 5B) or R2 (data not shown)
was reduced, but the mutations only slightly aﬀected the
unwinding property of Est3p (Fig. 5C).4. Discussion
The main goal of this study was to investigate the biochem-
ical properties of Est3p, an essential component of yeast telo-
merase, with the aim of elucidating the functional role of this
protein.
We found that Est3p stimulated the unwinding of RNA/
DNA heteroduplexes, including the heteroduplex with a non-
telomeric sequence, with high eﬃciency in the presence of
GTP (or ATP). In contrast Est3p could not dissociate DNA/
DNA duplexes (D1/D2 with blunt end, D1/D2L with over-
hang), nor RNA/RNA (R1/R2) duplexes, regardless of the
presence or absence of nucleotide. In fact, Est3p even stimu-
lated formation of an RNA/RNA duplex. Thus, Est3p is able
to discriminate between RNA/RNA, DNA/DNA duplexes and
RNA/DNA heteroduplex. Substitution of GTP for GDP or
GMPPNP (non-hydrolysable GTP analogue) strongly reducedthe eﬃciency of heteroduplex unwinding. Thus, both GTP-
and GDP-states of the protein are necessary for duplex disso-
ciation.
In the GTP-state, Est3p binds D2 oligonucleotide (with G-
strand telomere sequence). Both GTP and GDP inhibit bind-
ing of other (C-strand or non-telomeric) DNA oligonucleo-
tides to Est3p. Substitution of GTP for GDP inhibits this
binding. ATP had similar eﬀect but not as strong as GTP.
Thus, in the GTP-state Est3p adopts the conformation favor-
able for highly speciﬁc interactions with ssDNA with telomere
G-strand sequence. These interactions should be essential for
heteroduplex unwinding since through the binding of ssDNA
Est3p may shift the equilibrium towards duplex dissociation.
The property of Est3p to bind G-strand telomere DNA might
be also used in vivo for removing capping proteins from the
very end of telomere [19] thus providing telomerase access to
telomere 3 0-end. In the GDP-state the aﬃnity of Est3p to telo-
mere G-strand is reduced and the protein can dissociate from
ssDNA.
The fact that E104A mutation reduces Est3p binding to
DNA or RNA in vitro and causes telomeres shortening
in vivo [14] provides the evidence that such binding is impor-
tant for telomere length maintenance.
We found that Est3p binds not only DNA, but also RNA
oligonucleotides of the same sequence (R2). Again, the stron-
gest binding was observed for Est3p in GTP-state, whereas in
GDP-state the aﬃnity of Est3p to R2 was reduced, but re-
mained much higher than in the case of DNA oligonucleotide.
Est3p can facilitate the formation of an RNA/RNA duplexes
by converting the RNA conformation into one favorable for
duplex formation through repeated association–dissociation
of Est3p-RNA complex. In vivo this property of Est3p may
be important for the proper folding of telomerase RNA during
active telomerase complex assembly. RNA and DNA mole-
cules with the same sequence occupy the same binding site
Fig. 5. The properties of Est3p mutants. Panel A: isolation of Est3p mutants. Gel electrophoresis of the proteins after aﬃnity puriﬁcation of the wt
Est3p–GST protein (lane 1), E104A mutant (lane 2), 104RE mutant and after thrombin cleavage of the fusion protein and mutants (lanes 4–6,
correspondingly). Markers of molecular masses are shown in lane 7 and marked at the corresponding band in the gel. Positions of Est3p–GST, Est3p,
GST and chaperon are marked by arrows. Panel B: analysis of Est3p mutants binding to D2. Lane 1 – binding of D2 to GST. Lanes 2–4 – binding of
D2 to Est3p, E104A mutant and 104RE mutant, correspondingly. The positions of D2 and D2-protein complex are marked by arrows. Panel C: D1/
R2 heteroduplex unwinding by Est3p and its mutants in the presence of GTP. Lane 1 – D1 oligodeoxyribonucleotide. Lanes 2–5 – D1/R2 duplex in
the presence of GST, Est3p, E104A mutant and 104RE mutant, correspondingly.
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of DNA, since RNA can displace DNA from Est3p, but not
vice versa. R2 contains the repeated sequence UGUGU that
is present in TLC1 (1082-1086). This region is conserved in
all known yeast telomerase RNA [20] and located in the termi-
nal arm of TLC1 in a partially unpaired structural element
[20]. Thus, one can propose that Est3p binds telomerase
RNA directly. Recently, it was reported that formation of an
Est3p dimer is necessary for its function [14]. We can hypoth-
esize that one Est3p molecule within the dimer may interact
with telomerase RNA, whereas the second molecule partici-
pates in heteroduplex unwinding.So how is the unwinding activity of Est3p utilized in vivo?
The heteroduplex unwinding properties of Est3p might be
used at the initial stage of telomerase cycle to destroy the aber-
rant duplexes in which telomere formed long complementary
duplex with the template that could not be further elongated
and thus facilitate the formation of proper initiation complex.
Telomerase from the yeast Saccharomyces cerevisiae are
known to synthesize long heterogeneous repeats [21]. For eﬀec-
tive DNA synthesis, the heteroduplex should be at least par-
tially unwound during DNA elongation along template. It
was recently shown that the core enzyme (TLC1/Est2) itself
could partially unwind heteroduplexes of up to 7 bp in length,
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[22]. Since Est3p can unwind RNA/DNA hybrids, this may
function to accelerate DNA synthesis on RNA templates.
The ability of Est3p to unwind a heteroduplexes might be
also necessary to facilitate the dissociation of telomerase from
telomere after synthesis is ﬁnished allowing complementary
strand synthesis and interaction of the telomere overhang with
the speciﬁc proteins.
In vitro reconstituted yeast telomerase that contains TLC1
and Est2p is able to perform one round of primer elongation
[23]. Most of the telomerase preparations obtained from the
cell extracts by ion-exchange [3] or aﬃnity puriﬁcation
[23,29] can also synthesize only one telomere repeat. These
preparations may lose Est3p during the isolation procedures.
However, in vivo telomeres should be elongated very rapidly
[24] indicating that yeast telomerase is able to synthesize many
telomere repeats during the cell cycle. Telomerase complex iso-
lated under mild conditions also possessed the ability to add
more than one repeat to a substrate DNA [25]. The property
of Est3p to unwind RNA/DNA heteroduplex might be essen-
tial for the processive synthesis for yeast telomerase in vivo.
Recently, it was shown that the N-terminal domain of Tetra-
hymena Thermophila catalytic telomerase subunit can also bind
DNA and RNA [26,27]. In human telomerase the correspond-
ing domain [28] was shown to be crucial for telomerase proces-
sivity [29]. Thus, yeast Est3p could have similar functional
features as the N-terminal domains of other telomerases.
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